Dopaminergic neurotransmission has been implicated in the motor activating effects induced by the local infusion of NMDA in the ventral hippocampus (VH). The nucleus accumbens and the ventral tegmental area (VTA) have been proposed to be the main loci where dopamine is acting as a positive modulator of the VH NMDA receptor-mediated motor activating effects. However, the existence of a relatively high dopamine innervation and dopamine receptor density in the VH suggests the possibility of local dopamine/NMDA receptor interactions. This hypothesis was tested by studying the effects of the bilateral local VH infusion of NMDA (0.05, 0.1, 0.5 and 1.0 g/side), the dopamine D1/D5 receptor antagonist SCH 23390 (1 g/side) and the dopamine D2 receptor antagonist raclopride (1 and 5 g/side). Neither SCH 23390 nor raclopride induced any significant change in motor activity compared with the vehicle control group, but both compounds significantly antagonized the motor activation induced by NMDA. SCH 23390 (1 g/side) was more potent that raclopride (minimal effective dose: 5 g/side). These results demonstrate the existence of a strong tonic facilitating effect of dopamine, acting preferentially at dopamine D1/D5 receptors, on NMDA receptor-mediated effects in the VH.
N-methyl-D-aspartate (NMDA) receptors are involved in the control of locomotor activity. Thus, systemic administration of NMDA in rodents induces pronounced motor effects, with an initial motor depression followed by motor activation (Giménez-Llort et al. 1995 . The motor depressant effects seem to originate mainly in the striatum, where the local infusion of NMDA is associated with experimental parkinsonism (Klockgether and Turski 1993) . Furthermore, the NMDA-induced motor depression has been shown to be adenosine dependent, since it is counteracted by low doses of adenosine antagonists and it inversely correlates with the striatal extracellular levels of adenosine (Giménez-Llort et al. 1995; Melani et al. 1999) . On the other hand, the motor stimulant effects of NMDA probably originate in N EUROPSYCHOPHARMACOLOGY 2002 -VOL . 26 , NO . 6 limbic areas. Thus, systemic administration of NMDA leads to an increase in the expression of the immediate early gene c-fos in the hippocampus and amygdala (Ferré et al. 1996; Radulovic et al. 2000) . Moreover, local infusion of NMDA in the ventral hippocampus (VH) has been found to elicit motor activation in rodents (Yang and Mogenson 1987; Wu and Brudzynski 1995; Brudzynski and Gibson 1997; Bardgett and Henry 1999; Legault and Wise 1999) .
Dopamine neurotransmission is involved in the motor activating effects of NMDA, since the systemic administration of dopamine antagonists counteracts the motor activation induced by the systemic or local VH administration of NMDA (Giménez-Llort et al. 1997; Bardgett and Henry 1999) . Furthermore, the motor activation induced by NMDA infusion in the VH is abolished by 6-OHDA-induced lesions of the ventral tegmental area (VTA) (Wu and Brudzynski 1995) . Two different mechanisms have been proposed to explain this interaction between hippocampal glutamate with dopamine. The accumbal hypothesis suggests that glutamate released from direct projections from the VH evokes impulse-independent dopamine release by acting at dopaminergic terminals in the nucleus accumbens (Wu and Brudzynski 1995; Brudzynski and Gibson 1997; Bardgett and Henry 1999) . The VTA hypothesis suggests that NMDA receptor stimulation in the VH activates VTA dopaminergic neurons by means of a trans-synaptic activation (Legault and Wise 1999; Legault et al. 2000) . In the present study evidence is presented for the existence of a local dopaminergic-receptor mediated inhibition of NMDA receptor activation in the VH.
MATERIALS AND METHODS

Animals
A total of 54 adult male Sprague-Dawley rats (Sollentuna, Sweden), weighing 280-310 g at the time of testing, were used. At least a five-day adaptation period to the animal maintenance facilities of the department was allowed prior to any treatment. The rats were housed, in groups of four, in standard plastic Macrolon ® IV cages (57 ϫ 35 ϫ 19 cm) up to the time of surgery. They were maintained at an ambient room temperature of 19 Ϯ 0.5 Њ C with 40-50% relative humidity. A 12-h light/dark schedule (lights on at 6 A . M .) was used throughout the experiment and the animals had lab chow and tap water ad libitum up to the time of each experiment. Following surgery the animals were housed in pairs in Akriform ® cages (48 ϫ 32 ϫ 16 cm), with a transparent Plexiglas partition which allowed snout contact between the two animals. This procedure was used to avoid any possible influence of chronic stress on performance due to isolation. Animal housing and all experimental procedures followed the provisions and general recommendations of Swedish animal protection legislation.
Stereotaxic Operations
The rats were anesthetized with 60 mg/kg i.p. of sodium pentobarbital (Apoteksbolaget, Umea, Sweden). Body temperature during and after the surgery was maintained at 37 Њ C using a thermostat-regulated heat pad (CMA/105, CMA/Microdialysis, Stockholm, Sweden). The anesthetized animal was placed in a stereotaxic frame (Kopf, Tujunga, CA, U.S.A.) with the incisor bar in the range of Ϫ 2.7 to Ϫ 1.5 mm and permanent steel guide cannulae (26-gauge; 6.7 mm with a diameter of 0.45 mm; Plastics One, Roanoke, VA, U.S.A.) were implanted into the VH bilaterally. The coordinates with respect to bregma were AP Ϫ 5.5 mm, L Ϯ 4.8 mm and V Ϫ 7.2 mm (injection site) (Paxinos and Watson (1986) . The guide cannula was attached to the skull using two microscrews and acrylic dental cement and a dummy cannula was inserted into the entire length of each guide cannula to keep them patent during the recovery period. The animals were allowed to recover for one week before the start of the experiments.
Microinfusions
A microinfusion pump (CMA/100, CMA/Microdialysis, Stockholm, Sweden) was used to infuse all compounds (NMDA and/or the dopamine receptor antagonists) bilaterally and simultaneously into the VH (0.5 l/side) at a flow rate of 0.2 l/min. During the infusion the animals were held lightly by the experimenter, and the injection needles (Plastics One; 33 gauge; 0.5 mm longer than the guide cannula) were left for 1 min inside the guide cannulae after the infusion of the drugs to minimize backflow. After infusion the dummy cannulae were put back into the guide cannulae.
Motor Activity Apparatus
General motor activity, locomotion and rearing behavior were recorded by an M/P 40 Fc Electronic Motility Meter (Motron Products, Sweden) (Ögren et al. 1979 ). The apparatus consisted of a transparent perspex cage with the following dimensions: 24 ϫ 38 ϫ 30 (height) cm. The cage was situated below an infrared light and was located on an infrared photosensor array that provided quantitative recordings of horizontal movements of the rat by detecting infrared photocell interruptions. Horizontal movements were detected by 40 photosensors placed in the floor of the cage. The photosensors were mounted in 4 ϫ 4 cm squares covering the entire measurement area. General motor activity was defined as an interruption of a single photocell (movements of more than 4 cm). Locomotion was de-fined as movement between the two rows of photosensors located at the short sides of the cage floor. The locomotor counts were, therefore, independent of the trajectory followed by the animal when travelling between these two opposite rows of photosensors (a distance of at least 32 cm). Vertical movements (rearings) were recorded by a lateral infrared sensory array which registered photocell interruptions at 13 cm above the cage floor. The array consisted of five photocells located at 5-cm intervals across the short side of the cage. Rearing was defined as an interruption of a single lateral photocell. General motor activity, locomotion and rearing values were simultaneously recorded for 12 animals in different cages separated by opaque partitions.
Behavioral Testing
Animals were tested twice, in a crossed A-B, B-A design with one week in between. The two treatments were randomly determined for each animal. The first testing began on postoperative day 7 and all testing was performed between 8:00 A . M . and 3:00 P . M . All animals tested were brought to a room adjacent to the experimental room one hour prior to the start of the experiment. Then, the animals were placed individually in the activity cages for a habituation period of 60 min. Thereupon, animals were consecutively taken to be injected intracerebrally (i.c.) with either NMDA (0.05-1 g/ side), the dopamine D2 receptor antagonist raclopride (1 or 5 g/side, equivalent to 2.0 and 10.0 mol/side, respectively), the dopamine D1/5 receptor antagonist SCH 23390 (1 g/side, equivalent to 3.1 mol/side), artificial CSF or a solution of NMDA mixed with either raclopride or SCH 23390. The doses of NMDA and dopamine antagonists used are in the same range as those used in previous studies dealing with local VH administration (Yang and Mogenson 1987; Wu and Brudzynski 1995; Brudzynski and Gibson 1997; Bardgett and Henry 1999; Legault and Wise 1999; Wilkerson and Levin 1999) . Immediately after the injection, the animals were placed back to their cages and motor activity was recorded for a period of 120 min. After completion of the experiment, the location of the cannula tip was confirmed by histological examination of serial brain sections (Figure 1 ).
Test Compounds
The following compounds were used: NMDA (Sigma, St Louis, MO, U.S.A.), raclopride tartrate (Arcus Zeneca, Södertälje, Sweden), SCH 23390 HCl (Sigma). The drugs were dissolved in artificial CSF (123.4 mM NaCl, 23.4 mM NaHCO 3 , 2.4 mM KCl, 0.5 mM KH 2 PO 4 , 1.1 mM CaCl 2 . 2H 2 O, 0.8 mM MgCl 2 . 6H 2 O, 0.5 mM Na 2 SO 4 , 5.8 mM glucose, pH 7.1). Artificial CSF and all solutions were prepared fresh for each experiment.
Statistical Analysis
In order to obtain homogeneity of variance all numerical values (number of counts/10 min) were transformed (square root of (counts ϩ 0.5)) (Melani et al. 1999 ) and analyzed by using the mean of all the transformed data during the first 1-h period after i.c. administration. The second 1-h period was not analyzed since NMDA did not induce significant motor activation dur- Figure 1 . Scheme of the localization of the bilateral injection sites in the VH in a coronal brain section, which corresponds to AP Ϫ5.6 respect to bregma, from Paxinos and Watson (1986) . The shaded areas correspond to the VH areas where all injection sites were found (no animals were discarded from the initial 54 rats). These injection sites were found mainly in the ventral CA1/CA3/subiculum. For simplicity, the boundaries of the injection sites in the AP plane are not shown. Those limits were from AP Ϫ4.8 to AP Ϫ6.04. No damage other than that induced by the injection cannula was observed with any dose of NMDA. SUB: subiculum; DG: dentate gyrus. Scale bar: 1 mm.
though the results of the control group and the groups treated with 0.1 g and 0.5 g of NMDA are shown repeatedly in the figures, they were statistically analyzed only once. ing this period. Significant differences among all the 13 differently treated groups were simultaneously evaluated by 1-way analysis of variance (ANOVA) followed by Newman-Keuls multiple comparison tests. Al-
RESULTS
Effects of the VH Bilateral Injection of NMDA on the Motor Activity of Rats
NMDA caused a dose-dependent increase of motor activity compared with the control group. The increase reached significance at the dose of 0.1 g/side both for general motor activity and locomotion (Figure 2 and Figure 3 ). Rearings were only significantly increased with the highest doses tested (0.5 and 1 g/side) (Figure 4) . With these high doses of NMDA (0.5 and 1 g/ side) the increase in motor activity was associated (in most of the cases) with wet-dog shakes and fast or explosive running. The animals did not show tonic-clonic convulsions or partial motor seizures.
Effects of the VH Bilateral Injection of the Dopamine Receptor Antagonists Raclopride and SCH 23390 on the NMDA-induced Motor Activity
Neither raclopride (1 or 5 g/side) nor SCH 23390 (1 g/side) induced any significant change in motor activity compared with the control group, but both compounds significantly reversed the motor activation induced by NMDA (Figures 2, 3 and 4) . Nevertheless, the dopamine D 1 receptor antagonist SCH 23390 was more potent than the dopamine D 2 receptor antagonist raclopride. Thus, 1 g of SCH 23390 (3 mol/side) prevented the increase in general motor activity induced by 0.1 and 0.5 g, while 5 g of raclopride (10 mol/ side) could only counteract the effect of 0.1 g of NMDA (Figure 2) . Similarly, 1 g of SCH 23390 and 5 g of raclopride significantly antagonized the increase in locomotion induced by 0.1 g (but not 0.5 g) of NMDA. Finally, The increase in rearings induced by 0.5 g of NMDA could only be significantly antagonized by 1 g of SCH 23390, while raclopride was ineffective.
DISCUSSION
The present data confirm previous studies showing that the unilateral or bilateral infusion of NMDA in the VH produces motor activation in rodents (Yang and Mogenson 1987; Wu and Brudzynski 1995; Brudzynski and Gibson 1997; Bardgett and Henry 1999; Legault and Wise 1999) . Bardgett and Henry (1999) have recently shown that activation of NMDA receptors in the VH has a much greater effect on motor activity relative to activation of other amino acid receptor subtypes (AMPA, kainic acid and metabotropic glutamate receptors). It has been proposed that this NMDA-mediated motor activation depends on dopaminergic neurotransmission (see the introductory paragraphs). The nucleus accumbens and the VTA have been suggested to be the main loci where dopamine is acting as a positive modulator of the VH NMDA receptor-mediated motor activating effects (Wu and Brudzynski 1995; Brudzynski and Gibson 1997; Legault and Wise 1999; Legault et al. 2000) . Another possible locus of NMDA receptor-dopamine interaction is the VH itself. In fact, the hippocampus receives dopamine innervation, mostly from VTA, and contains dopamine receptors of both the D1/5 and D2 subtypes (Bischoff 1986; Verney et al. 1985; Köhler et al. 1991) . Furthermore, the VH contains the highest density of hippocampal dopamine innervation (Verney et al. 1985) .
Since coinfusion of dopamine antagonists could completely prevent the motor activity induced by the NMDA, these results demonstrate the existence of a strong tonic facilitating effect of dopamine on NMDA receptor-mediated effects in the VH. The more potent effect of SCH 23390 versus raclopride suggests that dopamine receptors of the D1/5 subtype are particularly involved. On the other hand, Wilkerson and Levin (1999) have recently shown than VH infusion of raclopride, but not SCH 23390, is effective at impairing spatial working memory. The potent hippocampal NMDA receptor-dopamine D1 receptor interaction shown in the present study can also explain recent experimental findings by other research groups. Thus, Radulovic et al. (2000) showed that the increase in the expression of c-fos in the hippocampus induced by the systemic administration of NMDA in mice is completely counteracted by the previous systemic administration of SCH 23390, but not by the dopamine D2 antagonist sulpiride. Also, systemic SCH 23390, but not sulpiride, inhibited the motor activity induced by VH electrical stimulation (Taepavarapruk et al. 2000) . At a more molecular level dopamine D1/D5 receptor activation in the hippocampus has been shown to enhance NMDA receptor-mediated currents (Yang 2000) . Also, there are experimental data supporting the existence of dopamine D1/D5 receptor-NMDA receptor interactions involving plastic changes in hippocampal excitatory synaptic transmission. Thus, D1/ D5 receptors appear to play an important role in the hippocampal "late phase" long-term potentiation (L-LTP) (Frey et al. 1993; Huang and Kandel 1995; Matthies et al. 1997 ). The present findings show that, in addition to the VTA and the nucleus accumbens (see introduction), the VH is an important locus of interaction between dopamine and glutamate in relation to the control of motor activity. Furthermore, these findings provide new aspects on dopamine-glutamate interactions in the limbic system, which might be of relevance for schizophrenia (Lipska and Weinberger 2000) and drug addiction (Berke and Hyman 2000) .
